Mergers of neutron-star/neutron-star binaries are strong sources of gravitational waves [1] [2] [3] . They can also launch subrelativistic and mildly relativistic outflows [4] [5] [6] [7] [8] and are often assumed to be the sources of short c-ray bursts 9 . An electromagnetic signature that persisted for weeks to months after the event would strengthen any future claim of a detection of gravitational waves 10 . Here we present results of calculations showing that the interaction of mildly relativistic outflows with the surrounding medium produces radio flares with peak emission at 1.4 gigahertz that persist at detectable (submillijansky) levels for weeks, out to a redshift of 0.1. Slower subrelativistic outflows produce flares detectable for years at 150 megahertz, as well as at 1.4 gigahertz, from slightly shorter distances. The radio transient RT 19870422 (ref. 11) has the properties predicted by our model, and its most probable origin is the merger of a compact neutron-star/neutron-star binary. The lack of radio detections usually associated with short c-ray bursts does not constrain the radio transients that we discuss here (from mildly relativistic and subrelativistic outflows) because short c-ray burst redshifts are typically .0.1 and the appropriate timescales (longer than weeks) have not been sampled.
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Gravitational-wave detectors, and in particular the advanced LIGO and Virgo interferometers, are being constructed now with the goal of detecting gravitational waves from binary neutron-star coalescence at distances up to a few hundred megaparsecs (redshift z < 0.1) 12 . The detection of an accompanying electromagnetic signal would complement these efforts, providing an independent confirmation of the discovery and increasing the detectors' effective sensitivity. The search for such an electromagnetic signal has therefore attracted much interest. The radioactive decay of ejected debris from the merger would drive a short-lived supernova-like event 13 . For example, ejection of 0.01 solar masses (0.01M [ ) from a merger at a distance of 300 Mpc would result in a faint optical flare that peaks after ,1 day (ref. 14) . Finding, and especially identifying, such rare and faint events in the crowded variable optical sky is an extremely challenging task. Other authors have speculated on the production of low-frequency radio signals from the interaction of the neutron stars' magnetic fields [15] [16] [17] . These attempts focused on electromagnetic signals that are contemporaneous with, or follow quickly, the merger and the gravitational waves. Unfortunately, these predictions are highly uncertain.
Here we predict a robust radio signal that peaks several weeks after the merger. Numerical simulations show that compact binary mergers launch energetic subrelativistic and mildly relativistic outflows [4] [5] [6] [7] [8] . Ejection sources include unbound tidal tails, and winds driven by neutrino heating, nucleosynthesis and electromagnetic processes [18] [19] [20] [21] , emerging from the proto-neutron star or from an accretion disk. Overall, almost all merger models find a significant ejection of mass and energy. In binary neutron-star mergers, an ejection of about 10 50 erg at (0.1-0.2)c (where c is the speed of light) and about 10 49 erg as faster ejecta is a fairly robust prediction. The outflow from black-hole/neutron-star mergers is less certain, but it is possibly more energetic and faster 18 (,10 52 erg at 0.5c). The interaction of this outflow with the surrounding tenuous matter generates a blast wave. Although the outflow may be highly non-uniform initially, it becomes spherical rather quickly. We therefore consider a spherical outflow with energy E and an initial velocity cb i that propagates into a medium with a constant density, n. If the outflow is not ultrarelativistic, it propagates at a constant velocity until time t dec , when, at a radius R dec , it collects a mass comparable to its own. Time t dec (in days) is given by
Here and in the following, unless stated otherwise, q x (where q is any parameter) denotes the value of q/10 x in c.g.s. units. At a radius R . R dec , the flow decelerates, assuming a Sedov-Taylor blast wave:
The blast wave generates magnetic fields and accelerates particles that emit synchrotron radiation. The same microphysics used successfully to model radio emission of type Ibc supernovae 22, 23 , where b < 0.2, and to model late radio emission of c-ray bursts 24, 25 , where the flow is mildly relativistic, is applicable here. In both cases, the electrons and the magnetic field are found to carry significant fractions of the total internal energy of the shocked gas, e e < e B < 0.1. The observed spectra reveal a power-law distribution of the electrons' Lorentz factor, c: dN/ dc / c 2p for cwc m~½ (p{2)=(p{1)(m p =m e )e e b 2 , where m p and m e are the proton and electron masses, respectively, c m is the minimal Lorentz factor of the electron's distribution and p < 2-3.
The radio spectrum is determined by n m , the synchrotron frequency of electrons with Lorentz factor c m , and by n a , the synchrotron selfabsorption frequency (Supplementary Information). The specific flux, F n , at a given frequency is strongly suppressed below n a , and it decreases as n 2(p21)/2 above n m and n a . The signal across the whole spectrum increases at t , t dec . Its behaviour after t dec depends on the relation between the observed frequency, n obs , and n m and n a . The signal peaks at t dec if n obs . n a,dec , n m,dec , where n a,dec ; n a (t dec ) and n m,dec ; n m (t dec ). Otherwise the signal peaks when n obs 5 n m or when n obs 5 n a , whichever is latest.
The flare characteristics are most sensitive to the initial velocity of the outflow, b i . Because the brightest radio emission is observed at t dec , a lower value of b i implies a longer rise time of the radio emission after the merger. Additionally, n m,dec , n a,dec and the peak flux at any observed frequency depend strongly on b i . As mergers are expected to eject an outflow over a range of velocities, we discuss separately below the observed signature of mildly relativistic (b i < 1) and subrelativistic (b i < 0.2) ejecta.
A mildly relativistic blast wave with canonical parameters produces a synchrotron spectrum with n a,dec # n m,dec < 1 GHz. The strongest signal is then expected at time t dec (a few weeks after the merger) and around 1.4 GHz (Supplementary Information): the peak of the observed specific flux at n obs in units of millijanskys is F n obs ,peak n obs wn m,dec, n a,dec ½ < where d is the distance to the merger (here n obs is in GHz). The peak flux at lower frequencies (,1 GHz) is significantly lower and it is observed at a later time. If the outflow is subrelativistic (b i < 0.1-0.2), then n a,dec , n m,dec # 150 MHz and equation (2) is applicable also in the frequency range of low-frequency radio detectors. The flux peaks at t dec , which is of the order of years, and it is brighter at 150 MHz than at 1 GHz by about an order of magnitude. Note that over the whole expected range of blast wave parameters, n a # 1 GHz at all times and the spectrum above 1 GHz is optically thin during the entire evolution. We stress that in radio supernovae, the surrounding dense winds lead at early time to an optically thick spectrum at n obs . 1 GHz, and the transition n a 5 n obs determines the time and flux at the peak. As discussed below, this different spectral signature enables us to distinguish between merger flares and radio supernovae. The circum-merger density also strongly affects the flare signature. For example, if the surrounding particle density is ,10 23 cm
23
, the peak flux from a mildly relativistic ejecta decreases to the microjansky level at a distance of 300 Mpc, and the timescale increases by a factor of ten, to a year. A merger taking place in such a density can be detected only up to distances of ,100 Mpc ( Table 1 .) The density is expected to vary significantly, from n < 1 cm
, in galactic disks, to n < 10 26 cm
, for mergers taking place outside their host galaxies. Because all observed Galactic neutron-star binaries reside within the Galactic disk, where the average density is n < 1 cm
, a significant fraction of the cosmological mergers are expected also to take place in rather dense environments. We therefore use n 5 1 cm 23 as the canonical density value. If mergers produce short c-ray bursts, then observations of their afterglows support this value (Supplementary Information).
An intriguing possibility is that compact merger events also eject ultrarelativistic jets that produce short c-ray bursts 9 (SGRBs). It is important to examine the relationship between SGRBs and the radio flares discussed here, assuming that mergers are producing SGRBs. An SGRB beamed towards us will be observed in coincidence with the gravitational-wave signal, providing a clear electromagnetic counterpart. Even if the SGRB itself is missed, owing to partial sky coverage, its afterglow will be easily detectable. However, SGRBs are expected to be beamed, and only rarely will one point towards us. A beamed SGRB observed off-axis produces, once it has slowed down, a long-lasting radio 'orphan' afterglow 26 , similar in its characteristics to the mildly relativistic signal discussed above. However, the total energy (corrected for beaming) in the ultrarelativistic jet is at most comparable to-and probably lower than-that of the mildly relativistic ejecta. Consequently the latter will dominate the radio emission.
The radio remnant signals that we consider here, which are generated by subrelativistic and mildly relativistic outflows, could not have been detected in the radio afterglow searches that were carried out following SGRB triggers. The reasons are twofold. First, SGRBs are typically detected at distances of 1-3 Gpc, far beyond the detection horizon of gravitational-wave detectors. Hence the signals are much weaker than those associated with detected gravitational-wave events. Second, SGRB afterglow searches are optimized to detect the emission from ultrarelativistic ejecta pointing towards the observer. Such emission peaks at higher frequencies and on shorter timescales than the emission from mildly and subrelativistic ejecta discussed here. SGRB afterglow searches are done at a sensitivity of ,0.1 mJy at 4.8-8.5 GHz during the first week or two after the bursts (see, for example, refs 27-29). Equation (2) implies that over the distance range 1-3 Gpc, the radio signal of mildly relativistic ejecta with energy 10 50 erg that propagate into a medium of density n 5 1 cm 23 peaks after ,60 days at a flux of ,0.01-0.1 mJy at 5 GHz. The flux before the peak rises as (t/t dec ) 3 (Supplementary Information). Therefore, these early radio afterglow searches could not have detected the radio signal, even if the mildly relativistic ejecta had an energy of 10 51 erg. Thus, the paucity of detected SGRB radio afterglows has no direct implication for the nature of the remnants we discuss here.
A new wave of radio detectors is now coming online. The most sensitive operate at frequencies of 1.4 GHz and higher. Table 1 summarizes the relevant properties of these facilities and their detection horizons. The best facility for a targeted search, following a detection of a candidate gravitational-wave source, is clearly the EVLA. A deep, ,50 mJy, localized EVLA search of the 10-100 deg 2 error box of a gravitational-wave trigger 30 can detect mildly relativistic ejecta (with an energy of even ,10
48 erg) out to the horizon of advanced gravitational-wave detectors. The upcoming lower-frequency LOFAR sensor array will be more effective in searches for subrelativistic outflows, whose signals peak at LOFAR's frequencies, thus compensating for LOFAR's lower sensitivity. LOFAR is also relatively more effective when searching for flares in a lowdensity medium.
Even before the completion of the advanced gravitational-wave detectors, blind searches can identify radio flares from compact binary mergers. Identification of radio emission from any merger type (binary neutron star or black hole/neutron star) would determine the merger rate, which is a parameter of utmost importance for the design and operation of advanced detectors. With a merger rate of 300 Gpc 23 yr
21
, we expect these facilities to detect ,20 remnants from mildly relativistic outflows with an energy of E 5 10 49 erg (and ,1,000 remnants if E 5 10 50 erg), in a single whole-sky snapshot. LOFAR may detect a dozen transients in a whole-sky survey, even if only a subrelativistic outflow with an energy of 10 50 erg is ejected (see Supplementary Information for details, as well as for a discussion of ways to distinguish these flares from other possible radio transients).
Remarkably , is fully consistent with the estimates of compact binary mergers. This transient is therefore an excellent candidate to be the first observed radio remnant of a merger. Unfortunately, we cannot rule out the possibility that this is an especially bright radio supernova 11 . We note, however, that this latter interpretation requires a supernova brighter by an order of magnitude than any radio supernovae previously observed. Simultaneous optical observations or multiwavelength radio observations could have easily distinguished Shown are properties and detection horizons (neglecting cosmological corrections) for an observation at different radio facilities of blast waves with various values of bi, E49, n0 and p (in all cases, ee < eB < 0.1; see text for definitions of these symbols). Information on facilities is available as follows: EVLA (http://www.aoc.nrao.edu/evla); ASKAP (http://www.atnf.csiro.au/projects/askap/technology.html); MeerKAT (http:// www.ska.ac.za/meerkat); Apertif (http://www.astron.nl/general/apertif/apertif); and LOFAR (http://lofar.org). * The root mean squared value of the background noise for one hour of observation. { The distance at which the observed peak flux is four times the one-hour r.m.s. { The distance at which the observed peak flux is four times the root mean squared value of the background noise for ten hours of observation.
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between the two possibilities. Unfortunately, no such observations are available. However, the detection rate implied by this event is very high, indicating that similar events could easily be detected by a relatively small-scale survey and that their nature should be easily probed.
